Ig7 (6) T HE MECHANICAL RESPONSE of isolated rat ventricular muscle to changes in heart rate contrasts with that of frog ventricle ( I), cat and dog papillary muscle (2) and most other preparations of cardiac muscle which have been studied at various frequencies of contraction. Both the rat papillary muscle (3, 4) and right ventricular strip (5) develop progressively less tension as the frequency of stimulation is increased from rates less than those found in situ through the range of normal to excessively high rates of contraction.
Rat ventricle also differs from the commonly employed preparations of amphibian and mammalian ventricle in other respects such as the shape of the transmembrane action potential (2) and sensitivity to digitalis (6) . In this study the effects of variations in rate and rhythm on the force of contraction of rat papillary muscle have been studied in order to compare rat heart to others with respect to force-frequency relationships, treppe, 'rest-contraction, poststimulation contraction 
METHODS
The rats employed in this work were originally obtained from a colony of the Sprague-Dawley strain which had been bred for longevity experiments (9) and varied in age from 6 to 12 months. After the rat had been anesthetized with ether the heart was rapidly excised and placed in cool, oxygenated
Tyrode's solution. The left ventricle was opened and two papillary muscles were dissected free. A small bit of ventricular wall was removed with each muscle to aid in mounting the papillary muscle in the muscle holder. Within approximately 5 minutes after cardiectomy the muscles were mounted in paired, specially designed holders (manuscript in preparation) and placed in paired muscle chambers maintained at 37OC in a constant temperature bath. Tyrode's solution (NaCl-142, KCl-2.7, CaClz-2.7, dextrose-5.5, NaHCOs--1 2.5, MgClz-0.5, NaH,POd-3.7 mM/l.) flowed through each muscle chamber at a rate of 3 ml/min.
A gas mixture (95 % 02-5 % CO,) passed into each muscle bath at a rate of 6 ml/min. through sintered glass discs and also into the stock Tyrode's and test solutions. The volume of solution in each muscle bath was kept constant by suction; solutions were changed by completely emptying the muscle bath several times. ranged from 5 to 25 mg. All muscles were conical in shape; their diameter half-way between base and apex ranged from 0.5 to I .o mm. In all experiments the muscles were set at a resting tension of 2-2.5 gm and were driven at a rate of 30 beats/min.
for 135 hours (manuscript in preparation) before the start of control determinations.
In several experiments a cat papillary was studied in the same manner as the rat muscles. Four rats were treated with IOO mg/kg of reserpine intraperitonealy for 3 days before sacrificing to secure complete depletion of the catechol amine content of the heart (II, 12).
RESULTS
Effects of uarying rate. Figure I shows two graphs which compare the tension developed by rat and cat papillary muscles at different frequencies of contraction. The preparation of cat muscle shows a peak tension at rates between 60 and 150 beats/min., a rapid fall in tension at higher rates and a moderate decline at frequencies below 60. The rat muscle, on the other hand, develops maximum tension at the slowest rate and reveals a rapid decrease in force of contraction with only moderate acceleration.
Even when the frequency of stimulation was as slow as 20 or IO beats/min., an appreciable drop in tension below maximum was not observed (see also figs. 3 and 4) although in a few experiments the graph showed a flat plateau extending from LO to 30 beats/min.
In the usual experiment on varying rate the muscle was driven at &each frequency for I o minutes, the tension was measured at the end of this period and then the muscle was accelerated to the next higher rate. After IO minutes at the highest rate the muscle was driven at 30 beats/min. for 30 minutes, and then subjected to the next test *procedure.
When this sequence was altered by inserting a rest period of IO minutes between each rate the results were unchanged.
That is, the tension at the end of each test rate fell in the same manner as that shown in figure I. The only differences noted were in the rate at which the force of contraction fell during each IOminute interval, which was increased by inserting periods of rest, and in the amplitude of the first few beats at each figure 3B are typical of this group of tests and show no appreciable effect either at low or high frequencies of contraction. Several muscles were tested in a medium consisting of either 50 % Tyrode's solution and 50 % rat plasma, or 50 % Tyrode's solution and 50 % human plasma. These muscles showed the same failure of contractility at high rates as did the controls. In an attempt to check on the immediate state of contractility at each rate, the muscle was rested for 30 seconds and then regular stimulation was resumed. The amplitude of the first contraction after each rest is plotted in figure 4A as well as the amplitude of the last contraction before the 3o-second rest. It is apparent from this Ifigure that following a 3o-second rest the muscle developed tension equal to or greater than the maximum tension achieved at a slow rate. This occurred whether the preceding beats had been at a rate of IO or 48o/min. and regardless of the tension of the preceding contraction. The extent to which interpretation of these results
I
's complicated by the phenomenon of 'rest-contraction' l s difficult to determine;
however, it appears from studies f this type that any change in contractility caused by excessively rapid rates is apparently reversed within an interval of 20-30 seconds or less.
The effects of epinephrine (I : I ,ooo,ooo) on tension at different rates was slight (figs. @ and 5). Epinephrine I201 appears to have more effect on the force of contraction at intermediate rates than at slow or fast rates of contraction. This effect was not great enough to grossly alter the shape of the curve relating frequency to force of contraction.
Depletion of the catechol amine content of the heart muscle by prior administration of reserpine to four rats had no effect on the contour of the force frequency curve. These muscles did exhibit slower rates of development of tension during contraction and slower rates of relaxation than did normal muscles. This is in agreement with the observation that epinephrine increases the rate at which tension develops in the isolated papillary muscle and that the rate of relaxation also is increased (unpublished observation). It seems reasonable then that neither endogenous catechol amine nor circulating catechol amine is responsible for the basic force frequency curve.
Ouabain, in dilutions from I : I ,ooo,ooo to I : 400,000 caused an increase of 5-15 % in force of contraction but only at intermediate rates. Figure  5 demonstrates the similarity of the effect of both epinephrine and ouabain on isolated papillary muscles driven at different rates. Efects of ions. A major possibility considered as a possible cause of weak contraction at moderate or high rates was the loss of fiber potassium. In studies of frogventricle Hajdu (r) demonstrated a relationship between net fiber content of Na+ and K+ and force of contraction.
He has also explained the effects of heart rate and many inotropic substances in terms of loss or gain of fiber K+ Rat diaphragm is also known to lose potassium and develop weak contractions when stimulated at only moderate frequencies (I 3 Because shifts of fiber Na+ may also influence contractility and because of reports that sodium-poor solutions enhanced contractility of the depressed rat right ventricular strip (5), several muscles were tested in a solution cantaining only 60 % of normal NaCl and made isotonic with sucrose. At normal rates, low sodium solution enhanced the contractility of one-half the muscles; at high rates, however, tension fell as in control Tyrode's solution.
Some additional information concerning fiber K+ loss as a possible cause of the typical rate effect may be nephrine and digitalis glycosides have been shown to promote a net loss of fiber potassium (I) and much evidence has been brought forward to show that this effect on fiber potassium content is the mechanism by which these agents exert positive inotrophic actions (I)+ In spite of an ability to promote K+ loss, neither substance intensified the failure of contraction normally seen at high rates.
Xeco~ery of contractility. It has been shown for both cat papillary muscle (8) and dog ventricle (14) that the recovery of contractility after each beat progresses much more slowly than membrane repolarization or the recovery of excitability.
When the cycle length is so short that one beat appears before contractility has fully recovered, that beat is necessarily diminished in amplitude. The recovery of contractility of rat papillary muscles was determined by inserting an occasional extrasystole at varying intervals after the regular driven beat. Figure  7 shows that, at a rate of either 12/min. or 3o/min., the rat papillary muscle required about 700-800 msec.
for go % recovery of contractility. The amplitude of contraction of the same muscle when driven at rates pro-ducing comparable intervals between beats is plotted in the same figure. It can be seen that the failure of contraction of the regularly driven muscle is much greater than can be accounted for on the basis of the time required for recovery of contractility, especially since several experiments suggest that contractility recovers somewhat more quickly at higher rates. The duration of contraction at each rate is also indicated in the figure. Failure of the muscle to develop tension as rate increases is not due to incomplete relaxation or fusion of contractions until the cycle length is less than 200 msec.
Tre@e and rest contractions. Several experiments were conducted to determine whether the rat papillary muscle showed typical treppe after a period of quiescence. When the rest period was [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] minutes in duration, on resumption of regular stimulation at a rate of 50-60 beats/min. a moderate positive staircase was shown by most muscles. This effect was seen both in fresh muscles and in those previously driven for any hours in the tissue bath.
'Rest-contractions,' i.e. the first contraction after a period of quiescence, similar to those reported for other heart muscle preparations (7) were also exhibited by the rat papillary muscle. Figure 8 shows that both the amplitude of the rest-contractions and the time during which they might be elicited were directly related to the heart rate prior to the test. Thus, at a rate of 180 beats/min. the largest rest-contraction was more than five times the control. At all rates the maximum contraction appeared after a rest of 30-60 seconds. With rates of 180 or higher some evidence of rest-contraction was apparent for 15 minutes. At all rates the period during which rest-contractions could be elicited was followed by contractions of less than the control amplitude and the appearance of treppe when regular stimulation was resumed. Postextrasystolic potentiation. Postextrasystolic potentiation is the term used to describe the increased force of contraction exhibited by the heart beat following an extrasystole over the beat preceding the extrasystole. This phenomenon was elicited from rat papillary muscles whenever extra stimuli were applied shortly after a normally driven beat. As in other preparations of cardiac muscle (8), earlier extrasystoles gave rise to greater potentiation.
Also, the amplitude of postextrasystolic beat was related to the preceding cycle length in the same manner as the amplitude of the extrasystole ( fig. g ). Extrasystoles repeated in each of several successive cycles resulted in greater potentiation than that caused by a single extrasystole unless the net rate was excessively high. At higher driven rates frequent extrasystoles often caused a fall in the amplitude of response.
DISCUSSION
None of the experiments undertaken in this study of rat papillary muscle has provided a positive indication of the cause of failure of contraction of isolated rat ventricular preparations at rates less than or comparable to those existing in the intact animal. This particular characteristic of isolated rat ventricle appears to be unrelated to the ionic composition of the perfusion medium and is 30 seconds is enough to restore maximum contractile force. Experiments with solutions containing different concentrations of potassium and sodium, as well as studies employing agents thought to enhance loss of fiber potassium, suggest that the failure of contraction at high rates cannot be explained by the mechanism postulated by Hajdu (I). However, until experiments designed to measure net ion fluxes have been completed, this mechanism cannot be excluded. The possibility that the typical force-frequency relationship of isolated rat ventricle is caused by a time limitation in the supply of energy for contraction has not been tested in these studies, Other aspects of the mechanical response of the rat papillary muscle are quite comparable to those of the more commonly employed preparations of heart muscle and fail to provide an explanation for the unique response to changes in rate. 
